In this study we present an analysis of a sample of field blue straggler (BS) stars that show high ultra violet emission in their spectral energy distributions (SED): indication of a hot white dwarf (WD) companion to BS. Using photometry available in the Sloan Digital Sky Survey (SDSS) and Galaxy Evolution Explorer (GALEX ) surveys we identified 80 stars with UV excess. To determine the parameter distributions (mass, temperature and age) of the WD companions, we developed a fitting routine that could fit binary model SEDs to the observed SED. Results from this fit indicate the need for a hot WD companion to provide the excess UV flux. The WD mass distribution peaks at ∼0.4 M ⊙ , suggesting the primary formation channel of field BSs is case B mass transfer, i.e. when the donor star is in red giant phase of its evolution. Based on stellar evolutionary models, we estimate the lower limit of the binary mass transfer efficiency to be β ∼ 0.5.
INTRODUCTION
Blue Straggler stars were first discovered in a photometric study of globular cluster M3 by Sandage in 1953 .(Sandage 1953 . They are identified by their position in color magnitude diagram, in which they appear along the extension of the main sequence but bluer and brighter than the main sequence turn-off, giving the appearance of a younger stellar population. The BS sequence is a typical feature of most globular clusters. Since Sandage's discovery, blue stragglers have been observed in many stellar environments, including open star clusters (Mathieu and Geller 2009) , globular clusters (Ferraro et al. 1999) , dwarf spheroidal galaxies (Momany et al. 2007 ) and the Galactic field (Preston and Sneden 2000) .
The exact mechanism for the formation of blue stragglers is still not fully understood. Single star evolutionary theory fails to explaining the existence of BS stars since it is not possible for stars to have masses greater than the main-sequence turnoff in a single epoch star formation environment. Under the correct circumstances, however, it is possible for stars to gain significant mass long after the star formation epoch has ended. Two leading theories rely on the basic idea that BSs are formed by adding mass to a main sequence star in a binary or multiple stellar system via some interaction mechanism. (1) Mass transfer between two stars in a binary system: This is the case where the more mas-⋆ E-mail: gemunu.ekanayake@mville.edu sive star in a binary system transfers material, during its post main-sequence phase, to its companion star. Though still not fully understood McCrea (McCrea 1964) provided the first, seminal idea of mass transfer and its consequences during binary evolution. If the mass transfer is stable, this may add sufficient mass to the secondary to convert it into a blue straggler. This appears to be the main formation channel for BS stars, particularly in the low density environment of the Galactic field. Convincing evidence for operation of this process was reported by Gosnell et al. (2014) for 3 stars in the old open cluster NGC 188. (2) Merger between stellar systems: This could happen in various scenarios, such as the merger of a contact binary, a merger during a dynamical encounter and a merger of an inner binary in hierarchical triple system. In such a scenario, it is expected that the merged stars will form a single more massive star.
Generally the mass transfer binaries are classified on the basis of the evolutionary phase of the donor (Kippenhahn and Weigert 1967) . Case A: Mass transfer occurs during hydrogen core burning phase of the donor.This can happen if the orbital separation of the binary is small (usually an orbital period of a few days). Case B: Mass transfer occurs after exhaustion of hydrogen in the core of the donor and the donor enters the red giant phase. In this case orbital period is about 100 days or less, but significantly longer than case A. Case C: Mass transfer occurs after exhaustion of core helium (He) burning and the donor enters the AGB phase. Here the orbital period is generally greater than 100 days. It is believed that case A mass trans-fer is more likely to be result in the coalescence of the two stars. (Chen and Han 2009) In that sense it can be treated as one of the merger scenarios. According to the binary evolution simulations (Chen and Han 2009) , in order to produce a BS via case B or case C, the mass transfer has to be stable. During stable mass transfer the donor stays within its Roche-lobe. Therefore the stability of the mass transfer depends on donor's response to the mass loss, on how conservative the process is and on the angular momentum loss processes in this binary. Given stable mass transfer, case B will result in a He white dwarf companion bound to the blue straggler, while in case C the remnant companion is a CO white dwarf.
Field Blue Straggler Stars
For a given stellar population the dominant formation channel of BSs depends on its environment. The BSs in the Galactic field, where the stellar number density is much lower than globular clusters, are formed primarily from binary mass transfer (Preston and Sneden 2000) . High resolution study of Field BSs done by Preston an Sneden (Preston and Sneden 2000) suggested that 60 % their sample were binaries. Moreover they concluded that the great majority of field BSs are probably created by Roche-lobe overflow during red giant branch evolution (case B). Ryan et al. (Ryan et al. 2002) studied lithium deficiency and rotation of the BSs and came to the conclusion that these stars can be regarded as mass transfer binaries.The origin of BSs in the Galactic field is clearly tied to the overall formation of the Galactic halo. Since star formation ended in the halo over 10 giga-years ago, most identified BSs originate through case B/C evolution. The exception, as argued by Preston and Landolt (1999) , is a modest fraction of BSs that may actually be young, massive stars that have been accreted from Galactic satellites which contain young stellar populations.
To test the theory with observations, it is vital to identify the clean sample of mass transfer candidates. Because blue stragglers in globular clusters are contaminated by those formed via collisions, field blue stragglers are the best candidates for a clean sample of mass-transfer BSs. As mentioned above the mass-transfer process results in a BS with a white dwarf companion. BSs are much brighter than WDs at optical wavelengths so, such binaries are difficult to observe directly. However, if the WD companions to BS are sufficiently young and hot, they can be detected at ultraviolet wavelengths. Studying a sample of such recent BS/WD systems can set constraints on the mass transfer formation mechanism. In this paper we present a study of field BSs that show UV excess in their SED, in order to characterize their mass transfer history. Sections 2 and 3 describe the methodology for identifying the UV excess stars by use of the SDSS and GALEX photometry. Section 4 summarizes our analysis and techniques used to determine the WD parameters. A brief discussion and our conclusions are provided in section 5.
DATA
Over the years many photometric studies have been done to identify field BSs, primarily using color-color plots. For example Yanny et al. (2000) identified 2700 field BSs using SDSS photometry. Sirko et al. (2004) used SDSS photometry in combination with spectroscopy to identify field BSs.
The data used for this study were taken from the Sloan Digital Sky Survey Data Release 12 (SDSS DR12) and Galaxy Evolution Explorer (GALEX) GR5, an ultraviolet survey.
SDSS Data
SDSS DR12 offers the latest data from SDSS project 3. It provides photometry in 5 bands (u, g, r, i and z) for 400 million objects and low resolution spectroscopy with resolution R ∼ 1800 and wavelength coverage 3800-9200A, for about 2 million objects.
Field BSs can be identified in a u-g vs g-r diagram by use of the following color cuts.
This area in the color-color diagram is populated by A-type stars including high gravity BS and low gravity BHB stars. Therefore, in order to separate the BSs from BHB stars one would need stellar parameters for individual stars. For that purpose we employed the current version of the Sloan Extension for Galactic Understanding and Exploration (SEGUE) Stellar Parameter Pipeline (SSPP) (Lee et al. 2008) . We select only the BSs above 7000 K to avoid contamination of other F,G type main sequence stars and/or variable RR lyrae stars.
GALEX Data
GALEX photometry was performed in two ultraviolet(UV) bands Far-UV(FUV) and Near-UV(NUV). The effective wavelengths are 1516 and 2267 angstroms for FUV and NUV bands respectively.
Cross-Identification of sources
Most GALEX observations were designed to cover the SDSS footprint at a comparable depth. Constructing spectral energy distributions (SEDs) which range from UV to IR requires combining SDSS sources to GALEX counterparts. The matching was done on line by use of the CDS X-Match Service 1 , adopting a match radius of 5". Such a match highly depends on the positional accuracy and resolution of both surveys. Because the GALEX images have lower angular resolution there are cases with multiple GALEX-matches per given SDSS source. These comprise about 10% of our total sample. In such cases we used only the closest distance matches. In vast majority of cases (> 90%) GALEX and SDSS sources are matched within 2 arc-seconds. Our final sample includes 2188 stars.
SDSS data were corrected for interstellar extinction using the extinction relations given in Schlafly and Finkbeiner (2011) while FUV and NUV were corrected for extinction using the relations given in Rey et al. (2007) .
UV-EXCESS STARS
Identification of UV-excess stars based on their position in FUV/optical color-color plot is one useful application of UV photometry. Using GALEX and SDSS colors together have enabled the discovery of white dwarfmain sequence (WDMS) binary systems, i.e., binaries with WD primaries and late-type main-sequence secondaries (Rebassa-Mansergas et al. 2012) Smith et al. (2014) adopted a similar approach to identify the FGK-type stars with excess UV in their spectral energy distribution. They used combined data from GALEX satellite's far-UV (FUV) and near-UV (NUV) bandpasses as well as from the ground-based SDSS survey and the Kepler Input Catalog to identify stars that exhibit FUV-excesses relative to their NUV fluxes and spectral types. They considered that these UV excesses originate from various types of hot stars, including white dwarf DA and sdB stars, binaries, and strong chromosphere stars that are young or in active binaries.They calibrate the UV-excess stars using their distribution in (FUV -NUV) -T e f f plane (Figure 3 Smith et al. (2014)). We adopted a similar method in selecting BS UVexcess stars.
Temperature Sanity Check
The method for selecting UV excess BSs depend on the temperatures of the stars. Rather than simply adopting the SSPP T e f f values directly, we remeasured the temperatures for our sample stars by fitting of the Hydrogen Balmer lines of each SDSS spectrum to model synthetic spectra. A grid of synthetic spectra, spanning the stellar parameter range of our sample, was generated using Kurucz ATLAS12 atmosphere models 2 and the spectral synthesis routine, SPEC-TRUM (Gray and Corbally 1994) . In order to achieve a finer grid resolution we interpolate the Kurucz models using kmod IDL package. 3 kmod interpolates linearly a Kurucz model for the desired values of effective temperature, surface gravity and metallicity using 8 surrounding models. Our final grid consists of spectra with the temperatures in the range 6500 -10,000 K in steps of 125 K. Finally the point estimates of mean and error in temperatures were calculated. The mean error obtained for temperatures is 140 K. We compared the temperatures obtained from our method to those obtained from the SSPP in order to check the consistency (Figure  1(a) ). Both SSPP and our method predicts consistent values for the majority of the stars. We excluded from our sample any stars which have a T e f f difference larger than 250 K. Given the larger uncertainties in our measurements, we have adopted the SSPP T e f f values for our final sample. We plotted T e f f values determined from the SSPP vs (FUV -NUV) color of the stars in our sample (Figure 1) . The diagonal sequence in the Figure 1 reflects the relationship between SDSS T e f f and (FUV -NUV) for the main-sequence stars. We fit the main diagonal sequence with a quadratic fit and we identify stars lying more than 2 sigma below the regression as UV-excess BS stars. These are our candidates for the BSs with a hot WD companion. Their GALEX and SDSS photometry along with their stellar parameters are given in Table A1 .
BS-WD SED FITTING
In order to obtain the stellar parameters of BS-WD binaries, we fit the observed SEDs of UV-excess stars with a composite model SEDs composed of BSs and white dwarfs. We employed a theoretical grid of spectra (Castelli and Kurucz 2004) with 6000 < T e f f < 10000 K in steps of 250 K, 0.5 < logg < 5.0 in steps of 0.5, and −2.5 < [Fe/H] < 0.5 in steps of 0.5.
For white dwarf models we employed the theoretical color tables developed by Bergeron( University of Montreal; private communication). For these models stellar masses and cooling ages are obtained from a detailed evolutionary cooling sequences appropriate for these stars. For the white dwarfs with pure hydrogen model atmospheres above temperatures 30,000 K, the carbon-core cooling models of Wood (Wood 1995) with thick hydrogen layers of M H /M * = 10 −4 were used. For temperatures below 30,000 K, cooling models similar to those of Fontaine et al. (2001) but with carbonoxygen cores and M H /M * = 10 −4 were used.
Synthetic Fluxes
In the course of fitting procedure we calculate synthetic fluxes for both BS and WD in GALEX and SDSSS bandpasses. The synthetic spectra can be converted to a monochromatic flux for a given bandpass via,
where f λ is the flux at a given wavelength λ and S λ is the filter response at a given wavelength. The integration limits are the minimum and maximum wavelength of the bandpass.
Observed Fluxes
The observed, extinction corrected, magnitudes were transformed to fluxes using the standard formulas. For SDSS bandpasses (Fukugita et al. 1996) ,
The FUV and NUV fluxes are determined by means of the conversion, 
SED Fitting
In the fitting process we minimize the following chi-square function:
Where i sum over all bandpasses. f bs,i , f wd,i , F i are the flux of the BS model, flux of the WD model and flux of the observed star respectively. α = (R bs /D) and β = (R wd /D) are scale factors depend on radii(R bs and R wd ) of each component and the distance (D).
The radii of both components (R bs , R wd ) and distance are necessary as scale factors for the individual fluxes when combining the atmosphere models of both components to a single SED. However, for WD models the mass and the surface gravity is known. So for each model in the grid we can calculate the radius, according to:
For the BS, we first obtain absolute magnitude calibration for our sample. we used transformation equations given by Zhao and Newberg (2006) , which were derived from the SDSS stars with known UBVRI photometry, including a sample of BSS stars.
These transformations are valid within the range −0.5 < g − r < 1.0, (Beers et al. 2012 ) which is consistent with the color range we adopted here. Using the V magnitude we obtained from equation 9, we can now calculate the absolute magnitude in V band (M v ) using the relation given by Kinman et al. (1994) :
This relation was constructed by studying the BSs in globular clusters with different metallicities covering a wide range of colors and absolute magnitudes.
The luminosity of the star can be found by use of M v and bolometric correction in equation 12.
where we adopt the bolometric corrections given by Torres (2010) .
Then, the radius of the BS can be estimated by use of the relation,
To select the best fit white dwarf model, the χ 2 value of each fit is calculated by use of equation 7. The optimal SED fits for four stars are shown in the top panel of Figure  2 . The presence of a hot white dwarf companion in a BS binary causes the excess FUV emission of the system. This is clear in Figure 2 . The expected emission from BSs without WD companions is much fainter than the observed flux at FUV. Adding WD companions of increasing temperature results in bright, blue emission as evidence by the best fitting composite model (Black line in Figure 2 : Top panel).
WD Parameters
The distributions of mass, age and effective temperatures of the white dwarfs determined from our SED fitting routine are shown in the bottom panel of Figure 2 . The most striking features of the distributions are: Vast majority of white dwarfs are very young (few million years old) and with temperatures range between 20000 -40000 K (See bottom panel of figure 2 ). This is consistent with our initial selection criteria of BS, as recently formed BS are expected to have much larger UV excess. One interesting feature of the mass distribution is the peak at white dwarf mass 0.43 M ⊙ . White dwarf stars with masses below 0.47 M ⊙ are thought to be He-core white dwarfs. ( Core helium ignition starts when the core mass is roughly 0.47M ⊙ ) At the stage when mass transfer occurs, the expanding red giant core has not yet fully grown, therefore the resultant white dwarf will have a lower mass. If these WDs were single stars, they would have main sequence life times greater than age of the Universe. Therefore, these systems must be products of case B mass transfer, the only possible solution for producing such low mass white dwarfs.
On the other hand white dwarfs with masses > 0.5M ⊙ are consistent with predictions from the case C, i.e., mass transfer from an asymptotic giant to a main sequence star which produces a carbon -oxygen white dwarf companion with mass of ∼ .5 M ⊙ to 0.6 M ⊙ dictated by the core mass of the asymptotic giant donor at the end of the mass transfer phase (Hurley et al. 2002) . The WD Mass distribution in the Galactic field peaks at about 0.59 M ⊙ and exhibits a significant low-mass tail of white dwarfs with masses lower than 0.45 M ⊙ which peaks at 0.40 M ⊙ . These white dwarfs are predominantly found in close binary systems, mostly with another white dwarf or a neutron star companion (Momany et al. 2004) . Interestingly, the low mass end of this distribution is consistent with our results as well.
Mass Transfer efficiency
Mass transfer efficiency β, is defined as the mass fraction of the lost mass from the primary accreted by the secondary. This is an important parameter for binary evolution calculations where β is frequently treated with a constant value due to its large uncertainty. (De Greve and De Loore 1992; Chen and Han 2009) . Lu et al. (2010) used Monte Carlo simulations to investigate the origin of BS population in M67. In their calculations they used the β = 0.5 and β = 1.0 (fully conservative mass transfer, i.e. no mass or angular momentum loss from the system) and found that the higher value could reproduce the data better. Our WD parameters obtained via the BS-WD fitting can be used to infer a lower limit for β in our current sample.
The amount of mass transferred from the now WD to BS, δM t , where M i is the progenitor mass of the WD. We interpolate theoretical relations which were constructed using BaSTI evolutionary models (Pietrinferni et al. 2006 ) so that we can calculate the progenitor mass at a given metallicity and age . We adopted the non-canonical BaSTI models with the mass loss efficiency of the Reimers law(Reimers 1977) set to η =0.2. The initial He mass fraction ranges from 0.245 to 0.303, for the more metal-poor to the more metal-rich composition, respectively.
Jofré and Weiss (2011) estimated the ages of field halo stars using a sample of SDSS stars. They estimated a mean age 11 Gy, which we adopted in our calculations to determine the mass from interpolated BASTI models. The field stars of Jofré and Weiss (2011) have a mean metallicity of -1.7 dex. To be consistent with that work we limited our sample to the stars with [Fe/H] < -1.35. This reduces our sample to 35 stars.
To calculate the amount of mass transferred, the initial mass of the secondary star (Now the BS) is required. This initial mass value cannot be readily inferred, without first knowing the value of β. But we can estimate the lower limit of the transferred mass by considering the halo turnoff mass of 0.8 M ⊙ , Then the mass accreted on to the secondary (now BS) is given by,
Ratio of equations 15 and 14 will give the lower limit of the mass transfer efficiency. The derived β values are shown as a histogram in Figure 3 . All the stars have mass transfer efficiencies above β ∼ 0.5. The value we obtained for the lower limit of β provides clues about the nature of these ancient, low-mass binary systems. The tendency for our systems to favor a more conservative mass tranfer (larger β), should help to inform tranfer models where donor initial mass less than 1.0 M ⊙ .
SUMMARY
We utilized UV-optical SED study of the BS binaries in the Galactic field. Using our fitting routine we identified WD companions of field BSs formed by mass transfer. We found that these BSs have significant FUV excess by comparing the observed SED to a composite model with WD and BS components.
We found that our sample WDs range in age from a few million to a few tens of millions of years old, suggesting mass transfer in these binaries ended relatively recently. In addition we conclude that majority of the WD companions are helium WDs. Mass transfer from RGB stars in binary systems is the obvious way to produce such low mass stars.
Combining the WD stellar parameters with the evolutionary models we estimated the lower limit of the binary mass transfer efficiency in these stars to be, β = 0.5.
In order to determine the exact formation mechanisms for a particular population of BSs a detailed characterization of the BSs is needed. This requires determining the rotation velocities and binary orbital parameters. Since the formation channel for BS binaries can distinguish from the type of companion star expected, it is vital to identify the observational constraints of the companion. These binaries will be good test cases for binary mass transfer modeling efforts in the future. Table A1 . Stellar parameters and photometry of UV-excess BSs
